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摘  要
         
         
    随着国家对交通基础设施的投入加大，全国高速公路的里程数日益增加，随之
而来的道路工程问题也日益扩大，造成严重的社会影响和经济损失。探地雷达作为
一种高性能的无损检测工具，不仅在工程勘探结果上直观准确，而且操作简便高效
，在公路病害无损检测中已经得到广泛应用。然而，受限于探地雷达的工作带宽
，在一些数值上需要精确测量的工程问题方面，探地雷达的分辨率仍然无法满足要
求。
 本文主要关注高速公路沥青面层与混凝土基层之间的剥离问题，利用时频分析工
具对不同厚度薄层的雷达反射复合波频谱特性进行研究，从而提供一种道路层间剥
离病害情况评估的参考依据。首先建立起沥青道路结构中间隙薄层的数值模型，利
用分层介质格林函数（DGF）方法对不同薄层厚度的模型进行数值仿真实验。时域
波形的结果表明，四分之一波长是最小可分辨薄层厚度，厚度四分之一波长以下相
应的雷达反射信号无法分辨薄层上下界面的反射子波。利用短时傅里叶变换
（STFT）对薄层反射信号进行处理，得到薄层反射瞬时频谱与薄层厚度的对应关系
。结果表明，薄层反射的峰值频率及其在瞬时频谱中的幅值对薄层厚度的变化十分
敏感，当薄层厚度小于四分之一波长，薄层反射的峰值频率比无薄层情况下界面反
射的峰值频率要高，而峰值频率在瞬时频谱中的幅值随薄层厚度的增加而增大，通
过一系列不同薄层厚度的数值仿真实验，可以总结薄层反射瞬时频谱峰值频率及其
幅值随薄层厚度的变化规律，并拟合出峰值频率及其幅值与薄层厚度之间的关系曲
线。本文也进行了一系列室内模拟实验，模拟沥青道路中薄层的检测，该时频分析
结果得到的薄层反射瞬时频谱与薄层厚度关系，与数值仿真实验的分析结果呈现出
同样的规律。道路检测中只要利用同一测量仪器事先进行标定试验，采用本文提出
的方法可以提供道路剥离间隙层厚度估计的重要参考。工程上仅需要根据雷达反射
信号的峰值频率与界面反射子波峰值频率的对比，观察瞬时频谱主频上升现象可以
有效鉴定四分之一波长以下厚度的道路层间剥离是否存在。
         
关键词：探地雷达（GPR）；道路层间剥离；时频分析
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Abstract
         
         
    With the mileage of the highway increasing, numbers of highway engineering
issues arise, which causes serious damage to the social economy. Ground
Penetrating Radar (GPR) is one kind of high performance non-destructive testing
(NDT) technology. With its precise and efficient performance, GPR is
comprehensively used in pavement inspection. However, limited by the
bandwidth, the range resolution of GPR is not high enough to resolve some kinds
of engineering issues demanding extremely precision measurement.
   In this paper, we focus on the air-filled delamination in pavement layers. By
investigating the characteristics of the composite reflection from a thin layer using
time-frequency analysis, we propose a method to detect the delamination
between pavement layers. We firstly simulated GPR data from an asphalt
pavement model with an embedded air gap of different thicknesses by the
Green’s function method. The time domain signals of the data show that quater of
wavelength is the limited resolution of the thin layer. We apply time-frequency
analysis on the thin layer reflection using short time Fourier transform (STFT) and
find out the relation between instantaneous frequency spectrum and the thickness
of thin layer. It is demonstrated that the peak frequency of the thin layer reflection
and its corresponding magnitude in the spectrum is sensitive to the thickness.
When thickness is less than  quater of wavelength , the peak frequency is higher
than that of the normal interface reflection, and the corresponding magnitude
increases with the thickness. We set up a statistics analysis model between the
characteristic of the instantaneous frequency spectrum and the thickness of thin
layer from a series of experiment data, and a trend curve indicating the relation
between the spectrum and the thickness is drawn. We also conduct indoor
experiment on imitated pavement model, and the result shows the same trend of
the relation between instantaneous frequency spectrum of the reflection and the
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layer thickness. If a calibration test using the same equipment is conducted
before the pavement inspection, it is possible to estimate the delamination
thickness by the time frequency method proposed in this paper. In practice, it is a
valid method to detect whether there is delamination thinner than quater of
wavelength just by observing the frequency peak shift of a GPR spectrum
towards a higher frequency compared to the interface reflection wavelet
spectrum.
         
Keywords: Ground penetrating radar (GPR); delamination in pavement; time-
frequency analysis
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